The aim of this study was to determine if anterior cruciate ligament (ACL) reconstruction by remnant preservation promotes cell proliferation, vascularization, proprioception recovery, and improved biomechanical properties of the tendon grafts.
Background
Anterior cruciate ligament (ACL) rupture is a common injury in sports medicine. According to an epidemiology survey, the incidence of ACL injury was 1.08 per 1000 competitive playing exposures or 0.7 every 1000 hours of game time in European soccer players [1] . ACL reconstruction is currently the primary treatment for ACL rupture. Although ACL reconstruction has shown good efficacy, failure of the tendon graft after the operation remains a concern [2, 3] . Numerous methods have been developed to prevent this failure [4, 5] , including ACL reconstruction using remnant preservation, which is intended to accelerate the biological conversion of the intra-articular tendon graft. However, it is still debated whether remnantpreserving ACL reconstruction has more biological advantages than traditional surgery.
Since the tibial remnant of the ruptured ACL has been shown to have some capabilities in cellular and vascular regeneration due to inflammatory responses [6] , many researchers believe that the remaining cells, blood vessels, and nerves in the remnant can accelerate tendon graft vascularization and promote proprioception recovery in the knee joint [7] [8] [9] , and therefore have been willing to increase the operation difficulty and surgery time to preserve the ACL remnant. Several remnant preservation techniques have been reported, with the most commonly used methods being "ACL reconstruction using remnant preserving and graft through remnant sleeve technique" [10] and "ACL reconstruction using remnant preserving and remnant tensioning technique" [11] . However, some scholars remain skeptical about the biological advantages of ACL reconstruction by remnant preservation in promoting the functional recovery of the knee joint [12, 13] . No recent studies have examined the biological advantages of ACL reconstruction by remnant preservation at the histological and molecular levels. Moreover, whether there is a difference in efficacy between "ACL reconstruction using remnant preserving and graft through remnant sleeve technique" and "ACL reconstruction using remnant preserving and remnant tensioning technique" still needs to be investigated.
To provide a more comprehensive comparison between remnant-preserving and conventional ACL reconstruction methods, we established 3 animal models to compare the healing of tendon grafts in terms of histology, ligament remodelingrelated genes and proteins, and the biomechanics of ACL reconstruction using remnant preservation and graft through remnant sleeve technique, remnant preserving and tensioning technique, and conventional methods. We hypothesized that the tendon graft heals better in ACL reconstruction using remnant preservation compared to the conventional method.
Material and Methods

Experimental groups
Seventy-five (75) male New Zealand rabbits, 6-8 months old, weighing 3.0-3.5 kg, were used in this study (rabbits were provided by the Laboratory Animal Center of Xinjiang Medical University, general level, closed group). This study was approved by the Laboratory Animal Center of the First Affiliated Hospital of Xinjiang Medical University. All test rabbits were acclimated for 1 week prior to surgery. The rabbits were randomly assigned to 1 of 4 groups: group A was control (n=9), group B was conventional ACL reconstruction (n=22), group C was ACL reconstruction using remnant preserving and graft through sleeve technique (n=22), and group D was ACL reconstruction using remnant preserving and tensioning technique (n=22). Groups B, C, and D were all subjected to acute-phase ACL reconstruction of both knees. No surgery was performed for group A, and the normal ACL was used as the baseline for RT-PCR detection.
ACL reconstruction
ACL reconstruction using remnant preserving and graft through sleeve technique
Rabbits were intramuscularly injected with 7 mg/kg Zoletil and 0.15 ml/kg Sumianxin II after weighing. When the animals were fully anesthetized, the skin was disinfected using iodine. The middle 1/3 portion of the Achilles tendon (length ~4 cm, diameter ~2 mm) was excised and used as the tendon graft. After cutting through the inner medial patellar ligament (about 3 cm in length), the patella was dislocated outwards which exposed the intra-articular synovium and ACL. The ACL was incised at the femoral junction with retention of the synovium and patellar fat pad. A 2-mm diameter Kirschner wire was used to drill the femoral tunnel at the original femoral attachment site of the ACL. The tibial ACL remnant was carefully isolated to form a cylindrical structure ( Figure 1A) , and the tibial tunnel was drilled by inserting a fine-needle guide through the center of the remnant mark along the direction of the ACL. After passing through the lateral tibial cortex, a 2.0 mm hollow drill was then passed along the needle guide in the reverse direction ( Figure 1B ) to ream the tunnel and pass through the articular cartilage. The tendon graft was inserted into the tibial tunnel through the remnant center using a custom-made needle guide. The custom-made needle guide is for a straight needle, and the bottom of custom-made needle guide can fix the tendon graft traction stitch. The needle guide enters the bone tunnel from outside the intra-articular part of the tibial tunnel and is pulled out from the internal intra-articular area, which is in the center of the remnant, then the traction stitch brings the tendon graft into the tibial tunnel and passes through the center of the remnant, such that the remnant acts as a sleeve that encloses the graft ( Figure 1C ). The distal femur was sutured to the bone and soft tissues at the opening of the tunnel, and the graft was secured at the tibial end by tightly pulling the graft at a 30° knee flexion. The joint cavity was washed with saline, followed by patella relocation and suturing.
ACL reconstruction using remnant preserving and tensioning technique
After the animals were anesthetized, surgery and femoral tunnel construction were performed as stated above. The tibial tunnel was prepared by making a pull wire by performing a one-stitch suture at the cruciate ligament remnant, and was used to pull the ligament remnant during the construction of the tibial tunnel to avoid damage from the drilling of the tibial tunnel. The medial opening of the tibial tunnel was located at approximately 1 mm posterior to the end of the ACL [14] , and a Kirschner wire was used to drill the tunnel. The tendon graft was inserted through the tibial joint from the exterior and secured at the proximal tibia. The tendon graft was stretched accordingly, sutured to the original ACL remnant at extension, and secured at the femoral end. The remnant was pulled into the femoral tunnel as much as possible by passing the pull wire through the tunnel to create some tension in the remnant ( Figure 1D remnant was formed into a cylindrical structure; (B) Needle guide was inserted through the center of the remnant and a 2.0-mm hollow drill was used to drill the tibial tunnel in the direction of the ACL; (C) reconstruction using remnant preserving and graft through sleeve technique; (D) reconstruction using remnant preserving and tensioning technique; (E) conventional reconstruction; (F) biomechanical testing.
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Conventional ACL reconstruction
Anesthetic and surgical procedures were similar to those previously mentioned, and the ACL was completely removed after exposing the ligament. A tibial tunnel was drilled from the center of the ACL remnant mark left on the tibia after its removal. Preparation of the femoral tunnel and securing the tendon graft were performed the same as in the remnant-preserving reconstruction group ( Figure 1E ). Both legs of the rabbits from all groups were allowed to move freely post-surgery. The surgical incision site was not wrapped, and 400 000 U/kg penicillin was injected intramuscularly for 5 days. The wound was disinfected daily and stitches were removed after 10 days.
Sample preparation
Normal bilateral ACL were obtained from both knees of 3 rabbits (6 knees) from group A following euthanasia (anesthesia overdose) at weeks 3, 6, and 12. From the reconstruction groups (B, C, and D), 6 rabbits (12 knees) were euthanized at weeks 3 and 6, and 10 rabbits were sacrificed at week 12 postsurgery (4 of the rabbits at week 12 [8 knees] were used for biomechanical testing). Grafts were carefully incised from the joint cavities of the rabbits in the reconstruction groups. The graft from the left knee was fixed in 10% paraformaldehyde, then dehydrated, cleared, embedded in paraffin wax, and cut into 5-µm sections for H&E staining, and CD34 and S-100 IHC staining (H&E, CD34, and S-100 were only compared among groups B, C, and D). The graft from the right knee was snap frozen in liquid nitrogen, stored at -80°C, and used for realtime quantitative PCR.
Sample examination
Gross observations
The tension, integrity, and healing of the remnant and tendon graft after reconstruction was observed.
Histological observations
The number of fibroblasts, healing of remnant and tendon graft, and number of proprioceptors were observed in each reconstruction group by H&E staining.
Immunohistochemistry staining
Graft microvessel density (MVD) was determined by concentrated mouse anti-rabbit CD34 monoclonal antibody (ZSGBBio, China), and graft proprioceptors were detected by concentrated mouse anti-rabbit S-100 monoclonal antibody. Samples were visualized using the En Vision two-step system consisting of DAB colorization, hematoxylin staining, dehydration, clearing, and mounting. MVD value was calculated in a blinded fashion by the same pathologist based on Weidner's method [15] . The site of highest MVD (the hotspot) was first determined under low-power magnification (10×10), then the number of vessels was counted from 5 fields of view under high-power magnification (40×10), and the average value was recorded as the MVD.
Biomechanical testing
About 4 cm of bone structure was reserved from the tibia and femur after obtaining the knee joint sample, and the ends were embedded in methyl methacrylate. After all soft tissues (joint capsule, meniscus, and posterior cruciate ligament) apart from the graft were removed, the bones were wrapped with saline-soaked gauze in a sealed Ziploc bag stored at -20°C and were thawed at 4°C overnight prior to the tensile strength test. An electronic digital universal testing machine (Reger Instrument Co., Ltd., Shenzhen, China) was used for the test, which was conducted at room temperature with a humidity of 40% and a loading speed of 2 mm/min. The maximum tensile load (N) and stretching distance (mm) were recorded by computer ( Figure 1F ).
VEGF, GAP-43, and NT-3 mRNA expression levels were detected using RT-PCR. Graft tissue was homogenized and total RNA was extracted using Trizol. Reverse transcriptase was used for cDNA synthesis according to the protocol, and the primers were synthesized by Sangon Biotech, Shanghai ( Table 1) . The PCR conditions consisted of 94°C×5 min, 56°C×40 s, and 72°C×30 s for a total of 40 cycles, and 5 µL of the PCR product was verified by agarose gel electrophoresis. Using b-actin as the control gene, the relative mRNA expression of various genes was calculated by 2 -DDCt
. Expression levels of each gene were normalized to the expression level of the same gene in the control group.
Name
Primer sequence 
Statistical analysis
Statistical analysis was performed using SPSS 20.0 software, and all data are presented as mean ±SD (c _ ±s). One-way ANOVA was used to compare groups and the Bonferroni test was used for pairwise comparison. P<0.05 was considered to be statistically significant.
Results
Gross observation
The integrity and tension of the tendon grafts in all reconstruction groups at 3, 6, and 12 weeks post-surgery were satisfactory. Further observation of the healing between the remnant and the tendon graft after remnant-preserving reconstruction showed a significant gap between the remnant and the tendon graft, indicating that the tissues did not merge.
Histological observation
At 3 weeks post-surgery, tendon grafts in group B showed collagen disintegration, cell necrosis, and very low cell counts. Tendon grafts were surrounded by a very thin layer of synovial tissue and a low level of fibroblast proliferation was seen at the junction between the graft and the synovium (Figure 2A, 2B) . Although the group C remnant showed significant cell growth, the remnant and the tendon graft remained poorly merged ( Figure 2C, 2D) . We also observed collagen disintegration, cell necrosis, and very low cell counts, with little cell proliferation, especially in the periphery of the tendon graft ( Figure 2E ). No merging was observed between the tendon graft and remnant in group D ( Figure 2F, 2G) , and the tendon graft histology was similar to those of groups B and C ( Figure 2H) . 
3430
At 6 weeks post-surgery, more fibroblasts were found with an uneven distribution in the tendon grafts of group B, and parts of the graft still showed necrotic disintegration ( Figure 3G, 3H) .
Complete integration between the remnant and the tendon graft in groups C and D was still absent ( Figure 3A 3B , 3D, 3E), and there was no significant difference in cell numbers compared to that of group B ( Figure 3C , 3F, 3H).
At 12 weeks post-surgery, fibroblasts in the periphery and center of tendon graft in group B were significantly more numerous compared to week 6, with disorganized cell arrangement and irregular collagen ( Figure 4G, 4H) . In addition to the clear gap between the remnant and tendon grafts in groups C and D ( Figure 4A , 4B, 4D, 4E), increased fibroblast growth was also observed in the periphery and center of the graft ( Figure 4C , 4F), and there was little difference in the histological observations between remnant-preserving and conventional reconstruction techniques.
Vascular regeneration of tendon graft
VEGF mRNA expression in tendon graft
mRNA expression in all reconstruction groups at weeks 3, 6, and 12 were higher than in the control group (p<0.05), with no significant difference between group B and groups C and D (p>0.05), or between groups C and D (p>0.05). VEGF mRNA expression was increased in all reconstruction groups at weeks 3 and 6, with expression levels peaking at week 6 and reduced at week 12 ( Table 2) .
CD34-labeled MVD in tendon graft
There was no significant difference between group B and groups C and D (p>0.05) or between groups C and D (p>0.05) at weeks 3, 6, and 12. MVD was similar between groups and increased over time. Week 12 showed the highest MVD (Table 3, Figure 5 ).
Nerve growth factor and proprioceptor regeneration in tendon graft
Proprioceptor
Pacinian red blood cells and free nerve endings were observed under the microscope ( Figure 6 ). No proprioceptor was found in the tendon grafts of groups B, C, or D at 3 weeks post-surgery. In contrast, proprioceptors were observed in the treatment groups at 6 and 12 weeks post-surgery, with no significant difference between the groups (p>0.05) ( Table 4) . 
3431
NT-3 mRNA expression
NT-3 mRNA expression in various reconstruction groups was higher than that of the controls at weeks 3, 6, and 12 (p<0.05).
There was no significant difference in expression between group B and groups C and D (p>0.05), or between groups C and D (p>0.05). Over time, NT-3 mRNA expression gradually increased in the 3 reconstruction groups, reaching peak expression at week 12 (Table 5) .
GAP-43 mRNA expression
The relative GAP-43 mRNA expression level in groups B, C, and D was significantly higher than in group A at 3, 6, and 12 weeks post-surgery (p<0.05). Further analysis showed that there was no significant difference in expression between group B and groups C and D (p>0.05), or between groups C and D (p>0.05). 
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peaked at 6 weeks post-surgery, and was reduced to the lowest levels at week 12 (Table 6 ).
Biomechanical testing
All graft samples were ruptured at the intra-articular ligament during the tensile test at 12 weeks post-surgery, without any prolapse of the graft from the bone tunnel. There was no significant difference in maximum tensile load and stretching distance between group B and groups C and D (P>0.05), or between groups C and D (P>0.05) ( Table 7) .
Discussion
This study is the first to establish a model for ACL reconstruction using remnant preserving and graft through remnant sleeve technique, and also the first to examine the healing of tendon grafts after different remnant-preserving and conventional ACL reconstruction methods from histological, molecular, and biomechanical perspectives. Our results showed that there were no advantages in tendon graft cell proliferation, vascularization, proprioception recovery, or biomechanical properties after ACL reconstruction with remnant preservation compared to the conventional method. These results contradicted our hypothesis.
Fibroblast count in the tendon graft is an important indicator for assessing graft healing. Our results showed that the number of cells in various groups increased with time, indicating that the tendon grafts in every group passed through the healing process of ischemic necrosis, cell disappearance, and cell growth. There was no significant difference in the number of fibroblasts in the tendon grafts between the remnantpreserving and conventional reconstruction groups at various time points post-surgery, which suggests that remnant preservation does not enhance cell growth in the tendon graft. Since the number of cells and blood vessels increased in the ruptured ACL due to inflammation, some researchers speculated that the remnant could enhance cell proliferation and vessel regeneration in the tendon graft. However, the ability of the remnant to promote the healing of the tendon graft is dependent on the integration of the remnant and the tendon graft, so that the cells and blood vessels from the remnants can migrate into the tendon graft. Murray et al. [16, 17] found that despite fine-suturing of the torn ACL, healing of the ruptured ends was very poor, with a gap of about 50-100 µm wide; any gap between ruptured ends that is greater than 50 µm can affect cell ingrowth [18] . ACL reconstruction using the graft through use of the remnant sleeve technique involves passing the tendon graft through the center of the remnant, and does not require the suturing of the 2 tissues. ACL reconstruction using the tensioning technique involves imply securing the remnant and tendon graft with a few stitches, which not only cannot eliminate the gap between the 2 tissues, but also increases the difficulty of healing because the remnant is suspended in the synovial fluid over a long period of time. Our study further demonstrated that ACL reconstruction using both graft through remnant sleeve and tensioning techniques cannot promote a tight merging between the remnant and the tendon graft, so that cells from the remnant were unable to migrate into the tendon graft; therefore, remnant preservation has a very limited role in promoting cell growth in the tendon graft.
Angiogenesis is a key part of tendon graft remodeling. Using MRI to assess the ligamentization of the tendon graft following remnant-preserving and conventional ACL reconstruction, Gohil [19] demonstrated that retaining the remnant can promote tendon graft vascularization. Because the use of imaging to evaluate ligament vascularization can be very subjective, we examined the mRNA expression of VEGF and determined the MVD by CD34 labeling instead to clearly demonstrate the growth of blood vessels in the tendon graft. In this study, no significant difference was found in VEGF mRNA expression between various reconstruction groups at different time points. The reasons for this could be: 1) VEGFmRNA is mainly produced by fibroblasts and macrophages, but the number of cells was not increased by remnant preservation compared to the conventional technique; and 2) although inflammation following ACL rupture can increase VEGF secretion [20] , the lack of a tight integration between the remnant and the tendon graft prevents paracrine VEGF signaling from the remnant to the tendon graft, and thus the difference in VEGF between remnantpreserving and conventional reconstruction groups becomes insignificant. CD34 is selectively expressed on hematopoietic stem cells and vascular endothelial cells in human and other mammals [21] . Mineo [22] believes that CD34 is the most effective marker for labeling microvessels. Results from our study indicate that the MVD of various reconstruction groups was increased over time, reaching a maximum density at week 12, but the difference in the post-surgery MVD between each reconstruction group was not significant. This result may be due to: 1) VEGF can promote the proliferation and differentiation of CD34 + cells, and is closely associated with the MVD [23] , thus lack of a significant difference in VEGF mRNA expression levels between various reconstruction groups led to insignificant differences in post-surgery MVD between these groups; and 2) peripheral synovial tissue is the main blood supply for the tendon graft following ACL reconstruction, so we retained the knee synovium to the best of our abilities during
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The maximum tensile load (N) The maximum stretching distance (mm) 3435 the surgery regardless of the reconstruction method; therefore, the difference in tendon graft vascularization in various reconstruction groups was not significant.
ACL is not only a major stabilizer of the knee joint, but also an important proprioceptive organ. Previous studies have shown proprioceptors can be found within the ACL [24] , and proprioceptors can be regenerated following ACL reconstruction [25] .
In contrast with the current study, Mifune [26] found that remnant-preserving ACL reconstruction (partial cruciate ligament rupture) can promote the regeneration of proprioceptors in rats. However, a study by Song et al. [14] comparing conventional and ACL reconstruction using remnant preservation and tensioning in rabbits indicated no difference in the number of proprioceptors post-surgery between the 2 reconstruction methods. While our results were similar to those reported by Song, they were different than those from Mifune's study. This may be due to the fact that the volume of blood supply is different between partial and complete cruciate ligament rupture, and since proprioceptors are mainly distributed around the blood vessels, the generation of proprioceptors is largely dependent on the blood supply. In our study we found that the tendon graft vascularization was similar between the 3 ACL reconstruction groups; therefore, no difference was observed in the number of proprioceptors between the groups.
GAP-43 is a key nerve growth and regenerative factor [27] . Studies have shown that GAP-43 mRNA expression can be detected in tendon grafts following ACL reconstruction, and this was considered to be a sign of nerve regeneration [28] . Our results demonstrated that the relative GAP-43 mRNA expression of all reconstruction groups was higher than that of the controls, and the expression was the highest at week 6 and reduced at week 12, indicating the presence of nerve regeneration and remodeling. On the other hand, no significant difference was observed in the amount of GAP-43 mRNA in the tendon grafts between group B and groups C and D after surgery, and this result may have been due to the close association between the nerve and blood vessel regeneration processes. The proliferation and activation of vascular endothelial cells are coupled in terms of time and space with neurogenesis: VEGF both regulates the regeneration of new blood vessels and promotes the regeneration of the peripheral nerves [29] . Therefore, the difference in nerve regeneration among the 3 reconstruction groups was insignificant because the VEGF mRNA and MVD were similar in the tendon grafts post-surgery.
Tissue NT-3 is synthesized by the target cells and is transported retrogradely through the nerve to the neurons, creating a series of physiological effects. Not only does NT-3 play an important role in maintaining proprioception [30] , it is also vital in the repair of proprioception and motor neuron damage [31, 32] . A study by Xie et al. demonstrated that the levels of NT-3 mRNA in the tendon graft were higher in the remnant-preserving group compared to in the conventional group at 2 and 12 weeks after reconstruction [33] . The large discrepancy between Xie's findings and ours is likely because the detection of NT-3 in Xie's study was performed using both the remnant and the tendon graft, without considering the healing between graft and remnant. In contrast, we did not include the remnant tissue for NT-3 mRNA detection in order to more objectively assess the expression of the gene in the tendon graft after observing an absence of integration between the 2 tissues. Moreover, NT-3 mRNA expression in the graft of various reconstruction groups increased over time, suggesting that proprioception recovery following ACL reconstruction may be a long-term process.
Biomechanics is an important parameter for evaluating tendon graft healing after ACL reconstruction. Whether remnant-preserving ACL reconstruction has better biomechanical properties is still a matter of debate. We have found that the maximum tensile load and stretching distance among groups B, C, and D were not significantly different, and this could be because: 1) the biomechanical properties of the tendon graft are dependent on its remodeling, and since no difference was observed in ligamentization and vascularization of the grafts between the various reconstruction groups, the biomechanical properties of these group were also not different; or 2) only the tendon graft, but not the remnant, provides mechanical stability after surgery as a result of the poor healing between the 2 tissues in the remnant-preserving reconstruction groups; therefore, the difference in biomechanical properties was not significant among the groups.
Conclusions
In summary, our study has demonstrated that the ACL remnant was unable to integrate with the tendon graft after ACL reconstruction using the graft through remnant sleeve and tensioning techniques in New Zealand rabbits during the acute phase. There were no significant differences in tendon graft cell proliferation, vascularization, nerve regeneration, proprioception recovery, and biomechanical properties between the 2 remnant-preserving and conventional ACL reconstruction methods. Therefore, ACL reconstruction using remnant preservation has no biological advantages in animal studies.
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